1. Introduction {#s0005}
===============

Bacterial contamination of DUWL water is a universal problem, and untreated DUWLs eventually produce an interface that results in biofilm formation ([@b0050]). Biofilm formation may increase bacterial adhesion and protect bacteria from unfavorable conditions ([@b0130]). The small diameter of DUWLs combined with periods of prolonged water stagnation provides the perfect ecological niche for biofilm development and the proliferation of microorganisms ([@b0105]).

Previous studies have reported high bacterial counts in DUWLs, A diverse range of environmental bacteria, opportunistic bacteria, and bacteria commonly found in the oral cavity have been isolated from DUWLs, including *Legionella pneumophila, Pseudomonas aeruginosa, Staphylococcus aureus*, Streptococci, *Klebsiella pneumoniae* ([@b0130], [@b0030], [@b0095])*.* Moreover, gram-negative bacteria, can produce endotoxins which cause inflammation, fever, toxic shock, and possibly even asthma ([@b0015].

Different strategies have been suggested to maintain water quality and control the transmission of infections, including flushing, independent water reservoir systems, sterilized water, microfiltration and the treatment of DUWLs with disinfectants such as hydrogen peroxide ([@b0115]), chlorine dioxide ([@b0020]), sodium hypochlorite ([@b0080]).

Interestingly, no standard protocol currently exists to test the efficacy of the different disinfection methods used in dental clinics. Therefore, waterline contamination is still a major issue as DUWLs can be contaminated by the water supply and the bio-aerosols and skin flora of the patients ([@b0130]). Although the risk of infection may not be high in healthy individuals, patients with weakened immune systems, toddlers, patients with chronic diseases, hospitalized patients, diabetics, and patients with heart disease and renal diseases are at a greater risk ([@b0055]). Thus, it is essential to identify the pathogenic bacteria in DUWLs ([@b0075], [@b0115]).

The Center for Disease Control (CDC) for dental healthcare indicated that the water used for routine dental treatment should meet the regulatory standards for drinking water (≤500 CFU/mL of bacteria) established by the Environmental Protection Agency (EPA) ([@b0075]). Therefore, the aim of the study was to assess the level of contamination in water from DUWLs with different flushing periods. In addition, biofilm presence, antimicrobial susceptibility, and endotoxin levels were investigated.

2. Materials and methods {#s0010}
========================

This study was carried out from 14th May to 31st August 2017. A total of 432 samples were collected from 24 clinics (Group A: no disinfection, Group B: citric acid disinfectant) of a Government Dental College. Water samples were collected from various parts of the DUWLs such as the high-speed drill hand piece line (HP), air/water dental-syringe (WS), and oral rinse (OR). Sampling was performed before work (BW), and after work (AW). 500 ml of water was collected before flushing, 1 min after flushing, and 3 min after flushing. Samples were then immediately transported to the lab for processing.

2.1. Bacterial enumeration {#s0015}
--------------------------

To count the viable bacteria, 1 ml of each sample was added to molten Stander plate count (SPC) agar and incubated at 37 °C for 24. Bacterial colonies were then counted under 10--15× magnification.

2.2. Bacterial identification {#s0020}
-----------------------------

100 ml of each water sample was filtered through 0.45 µm Millipore membrane unit (Fisher Scientific). Membranes were removed from the funnel and deposited on the surface of the following culture media: blood agar (BA), MacConkey agar (MAC), Xylose lysine deoxycholate agar (XLD), cetrimide agar, and mannitol salt agar (MSA). After incubation, bacteria were identified using colony characteristics, Gram staining, and biochemical tests.

2.3. Antibiotic susceptibility {#s0025}
------------------------------

Susceptibility to antibiotics was tested by using the disc diffusion method and the automated MicroScan system according to the manufacturer\'s guidelines. The antibiotics used were Cefoxitin, Gentamicin, Cefpodoxime, Rifampicin, Ciprofloxacin, Chloramphenicol, Azithromycin, Teicoplanin, Vancomycin, Mupirocin, Norfloxacin, Cefuroxime, Ceftazidime, Augmentin, Ampicillin. The zones of inhibition were interpreted according to Clinical and Laboratory Standards Institute guidelines ([@b0035]).

3. Determination of endotoxin concentration {#s0030}
===========================================

Selected water samples were analyzed using the Limulus amoebocyte lysate (LAL) rapid endotoxin assay according to the manufacturer's instructions. Water samples were collected in endotoxin- and pyrogen-free containers, filtered, and screened at 150 endotoxin units (EU)/ml by diluting the samples 1:600. Any positive reactions were diluted further to give a sensitivity of 300, 600, and 1200 EU/ml, whilst negative reactions were re-analyzed at a sensitivity of 25, 50, and 100 EU/ml. Samples were incubated at 37 °C for 60 min; positive reactions were recorded for samples containing a firm gel clot. The sensitivity of the test was \>25 EU/ml.

3.1. Biofilm detection using Scanning Electron Microscopy (SEM) {#s0035}
---------------------------------------------------------------

Certain WS samples were selected for biofilm detection. A 15 mm length of each tube was cut into two pieces longitudinally, then were immediately placed in a cool box and transported to the laboratory. Next, the samples were fixed by immersion in 50% glutaraldehyde overnight at 4 °C, washed using phosphate buffers (pH = 7.2), exposed to 1% osmium tetroxide for 1 h at 4 °C, and dehydrated using ethanol. Prior to SEM (JEOL, JSM-6060LV), the samples were sputter coated with gold.

3.2. Statistical analysis {#s0040}
-------------------------

Data are expressed as the mean ± standard deviation (SD) of experiments. All assay values were derived from triplicate measurements, unless otherwise specified. The significance of multiple comparisons was determined by one-way analysis of variance (ANOVA), with Tukey's post hoc multiple comparisons test when equal variance was assumed; otherwise the Games-Howell post hoc test was used. Statistical analyses were carried out using the SPSS statistical package and statistical significance was set at P ≤ 0.05.

4. Results {#s0045}
==========

4.1. Bacterial enumeration {#s0050}
--------------------------

All sources tested from Group A units (HP, OR, and WS) showed significantly high levels of bacterial contamination, whilst no bacterial growth was seen in the water samples from Group B clinics ([Fig. 1](#f0005){ref-type="fig"}), with an average bacterial count of 2241.9, 2215.2, and 2469.5 CFU/ml in OR, WS, and HP, respectively. HP water had the highest level of bacterial contamination regardless of the collection time or flushing protocol ([Fig. 1](#f0005){ref-type="fig"}). HP bacterial counts varied between 37519 CFU/ml (BW and BF) and 25453.5 CFU/ml. The same pattern was observed for the WS and OR water in both BW and AW conditions.Fig. 1Average bacterial count in oral rinse (OR), air/water syringe (WS) and hand piece (HP) collected before working and 3 min after flushing.

For all water sources tested, bacterial counts were significantly reduced 3 min after flushing compared to before flushing. The average bacterial count of OR and WS samples was significantly reduced from 3272.26 and 2963.7 to 2241.9 and 2215.2 CFU/ml, respectively, 3 min after flushing. Interestingly, the bacterial count of HP samples was significantly (\>0.01) reduced from 3376.3 to 2469.5 CFU/ml, 3 min after flushing ([Fig. 2](#f0010){ref-type="fig"}). AW samples of both WS and HP showed a significant reduction in bacterial contamination 3 min after flushing compared to AW samples before flushing ([Fig. 2](#f0010){ref-type="fig"}). The average bacterial count in WS and HP was significantly reduced from 2967.7 and 3192.3 to 2045.5 and 2283.61 CFU/ml, respectively, 3 min after flushing ([Fig. 3](#f0015){ref-type="fig"}).Fig. 2Effect of flushing on bacterial counts in different water sources before flushing (BF), 1 min after flushing (AF) and 3 min AF.Fig. 3SEM image from Group A dental units revealed a bacterial biofilm covering the tube supplying water to the air-water syringe (a). SEM image from Group B units showed dispersed rod-shaped bacteria (b).

4.2. Identification of bacteria {#s0055}
-------------------------------

Gram-positive rods of the genus Bacillus spp. were observed in 100% of the units sampled ([Table 1](#t0005){ref-type="table"}). Five opportunistic bacterial species were isolated from the DUWLs, *P. aeruginosa* (95%)*, S. aureus* (58%)*, S. auricularis* (49%), *P. fluorescens* (44%), and *A. baumannii* (20%) ([Table 1](#t0005){ref-type="table"}). However, HP, WS, and OR water samples had high percentages (\>90%) of *P. aeruginosa*. 83% of *S. aureus* isolates were obtained from HP, 50% from WS and 42% from OR, whilst 63% of *P. fluorescens* were isolated from WS, 37% from OR, and 31% from HP, and *S. auricularis* was found in 63% of HP, 43% of OR, and 40% of WS samples. 30% of *A. baumannii* isolates were isolated from HP and 31% were present in WS.Table 1Presence of opportunistic bacteria in water samples from DUWLs.Bacterial speciesCollection Site \[No. of isolated bacteria\] (%)Total No. (%)HP\
n = 66WS\
n = 66OR\
n = 66*S. aureus*55 (83%)33 (50%)28 (42%)116 (58.5%)S. *auricularis*42 (63%)27 (40%)29 (43%)98 (49.4%)*P. aeruginosa*62 (93%)65 (98%)62 (93%)189 (95.4%)*P. fluorescens*21 (31%)42 (63%)25 (37%)88 (44.4%)*A. baumannii*20 (30%)21 (31%)041 (20.7%)

4.3. Antibiotic susceptibility {#s0060}
------------------------------

Approximately 50% of the bacterial isolates tested, *P. aeruginosa, P. fluorescens, A. baumannii, S. aureus, S. auricularis* were resistant to two or more antibiotics ([Table 2](#t0010){ref-type="table"}). Our findings showed that 48% of *P. aeruginosa* isolates were resistant to Cefpodoxime. 69.4% of *A. baumannii* isolates were resistant to Ceftazidime, 53% of *P. fluorescens* isolates were resistant to Ceftazidime, 64.8% of *S. auricularis* isolates were resistant to Azithromycin, and 40% of *S. aureus* isolates were resistant to Cefoxitin.Table 2Antibiotic susceptibility patterns of bacteria isolated from different water samples from Group A DUWLs.BacteriaNo. of Susceptibility Profiles (%)SR to OneMR*P. aeruginosa*\
n = 5420 (37%)3 (5.5%)31 (57.4%)*P. fluorescens*\
n = 5411 (20.3%)11 (20.3%)32 (59.2%)*A. baumannii*\
n = 362 (5.5%)7 (19.5%)27 (75%)*S. aureus*\
n = 5414 (25.9%)5 (9.2%)35 (64.8%)*S. auricularis*\
n = 548 (14.8%)14 (25.9%)32 (59.2%)*Bacillus* spp.\
n = 5420 (37%)5 (9.2%)29 (53.7%)[^1][^2][^3]

4.4. Determination of endotoxin concentration {#s0065}
---------------------------------------------

As shown in [Table 3](#t0015){ref-type="table"}, the measured endotoxin levels were \>5.00 EU/ml in Group A, and varied from 1.33 EU/ml to 5.00 EU/ml in Group B. Most of the HP samples had high levels of endotoxin (\>5.00 EU/ml in samples collected 3 min after flushing, with the remaining HP samples having an endotoxin level of 2.4 EU/ml. 50% of the WS and OR samples tested had endotoxin levels above 5.00 EU/ml.Table 3Endotoxin levels in DUWLs 3 min after flushing.Sample SourceNumber of Instruments TestedMean Endotoxin LevelsHP34\>5.00 EU/ml62.4 EU/ml  WS3\>5.00 EU/ml31.33 EU/ml  OR4\>5.00 EU/ml41.35 EU/ml

4.5. Biofilm detection using Scanning Electron Microscopy (SEM) {#s0070}
---------------------------------------------------------------

The SEM images of the tubes taken from Group A dental units showed a dense, homogenous bacterial biofilm covering the surface of the tubes ([Fig. 3](#f0015){ref-type="fig"}a). Conversely, the SEM images of the tubes from the Group B dental units showed scattered rod-shaped bacteria ([Fig. 3](#f0015){ref-type="fig"}b).

5. Discussion {#s0075}
=============

The effective control of potential infectious agents is one of the cornerstones of good clinical practice and governance, therefore this study was conducted to understand the extent of bacterial contamination in DUWLs. The water samples obtained from Group A clinics which had no disinfectant systems showed high levels of bacteria from the HP followed by the OR and WS. However, no bacterial growth was seen in the water samples from Group B clinics which used a descaling solution (citric acid treatment). According to the ADA, water from dental units should have no more than 200 CFU/ml of bacteria, with the ADA and the CDC concluding that the maximum contamination of dental treatment water should be limited to 500 CFU/ml ([@b0085]).

In this study, the mean concentration of bacteria in BW HP water samples 3 min after flushing was 2469.5 CFU/ml, significantly exceeding the recommended values (200 CFU/ml). This agrees with previously studies which reported that the mean concentration of microorganisms in water samples was between 3.90 × 10^4^ and 1.52 × 10^6^ CFU/ml ([@b0130], [@b0140]). Dahlén et al., showed that water in 75% of the DUWLs examined in Sweden were contaminated with bacteria at levels that did not meet the international requirements ([@b0040]). It has also been reported that water from DUWLs in one of the cantons in Switzerland did not comply with the CDC recommendations ([@b0025]).

Flushing DUWLs has been reported to be an important method of controlling microbial levels in DUWLS. Consistent to this, the bacterial contamination of WS and HP samples was significantly reduced 3 min after flushing compared to before flushing. However, the bacterial count 3 min after flushing was still higher than the recommended limit of 500 CFU/ml. Previous studies have reported similar outcomes ([@b0005], [@b0125], [@b0045]). Therefore, flushing does not play a significant role in disinfection, and the latest CDC recommendations suggest that flushing alone is not sufficient and other strategies are required to improve water quality in dental treatment ([@b0075], [@b0105]). However, it has been shown that while disinfectant treatments decreased the bacterial count, the biofilm persisted ([@b0110]).

The presence of biofilms in DUWLs is one of the predominant factors leading to high bacterial load ([@b0050]). Previous studies on disinfectant exposure and flushing have shown that flushing leads to just a 9.1% reduction in viable count and a 0.5% reduction in biofilm coverage. The use of chemical germicides has been recommended for the removal of biofilms in DUWLs. Moreover, chemical disinfectants should be safe, and therefore their corrosive and toxic properties need to be carefully examined as well as their effectiveness in DUWLs ([@b0005], [@b0045], [@b0110]).

The types of bacteria present in DUWLs were also evaluated. While the most predominant opportunistic organism was *P. aeruginosa*, the levels of *S. aureus* and *S. auricularis* were higher in HP samples. Research has indicated that *P. aeruginosa* is one of the most difficult to treat pathogens, and is commonly isolated in high percentages of DUWLs ([@b0070], [@b0090]). A study conducted in Saudi Arabia showed that the most common bacteria in DUWLs were *Bacillus* spp. (29.6%) and *Pseudomonas* spp. (22.8%) ([@b0010]).

High concentrations of bacteria and the incidence bacterial endotoxins are the most important health risk factors as they can be transmitted through the water from dental units ([@b0130], [@b0030]). Previous reports revealed that Gram-negative bacteria account for the majority of bacteria identified from DUWLs, and the endotoxins they release significantly reduce water quality of DUWLs ([@b0065], [@b0135]). Relatively high bacterial endotoxin levels, ranging from 480 to 1008 EU/ml, have been reported in DUWLs ([@b0100]). Interestingly, flushing waterlines for 5--10 min did not reduce endotoxin levels to zero. This study also indicated the presence of high levels of endotoxins in Group A DUWLs, and revealed a positive correlation between endotoxin levels and bacterial load. Although Group B units showed no bacterial growth due to the chemical disinfectant used, low levels of endotoxin were still present. Therefore, a more effective procedure for eliminating bacteria and their components is required. Further studies on the consequences of dental endotoxin exposure, and the means by which this exposure may be prevented, are thus warranted ([@b0065]).

In this study, the susceptibility patterns of the bacteria isolated from DUWLs showed that approximately 50% of the bacterial isolates were resistant to two or more antibiotics. The spread of antibiotic resistant and opportunistic bacteria could cause infections in dental clinic employees and patients with deficient immune mechanisms ([@b0120], [@b0060]). Therefore practical methods for controlling microbial contamination are urgently needed ([@b0090]). Taken together, it is clear that effective mechanisms are required to reduce microbial contamination in DUWLs and reduce the risk of cross-infection in general practice, especially for the immunocompromised individuals ([@b0095], [@b0130]).

6. Conclusions {#s0080}
==============

This study highlights the need for regular monitoring of the microbiological quality of water in DUWLs, including the detection of opportunistic pathogens, the prevention of water stagnation, and the use of various procedures to reduce biofilm formation. An easy-to-use, cheap, and safe protocol for DUWL water disinfection is required, and further studies concerning endotoxin exposure and its prevention are necessary.
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[^1]: S = Sensitive to all tested antibiotics.

[^2]: R to One = resistant to one antibiotic.

[^3]: MR = multi-resistant to 2 antibiotics or more.
